The human insulin gene enhancer-binding protein islet-1 (ISL1) is a transcription factor involved in the differentiation of the neuroendocrine pancreatic cells. Recent studies identified ISL1 as a marker for pancreatic well-differentiated neuroendocrine neoplasms. However, little is known about ISL1 expression in pancreatic poorly differentiated and in extrapancreatic well and poorly differentiated neuroendocrine neoplasms. We studied the immunohistochemical expression of ISL1 in 124 neuroendocrine neoplasms. Among pancreatic neuroendocrine neoplasms, 12/13 with poor differentiation were negative, whereas 5/7 with good differentiation but a Ki67 420% were positive. In extrapancreatic neuroendocrine neoplasms, strong positivity was found in Merkel cell carcinomas (25/25), pulmonary small cell neuroendocrine carcinomas (21/23), medullary thyroid carcinomas (9/9), paragangliomas/pheochromocytomas (6/6), adrenal neuroblastomas (8/8) and head and neck neuroendocrine carcinomas (4/5), whereas no or only weak staining was recorded in pulmonary carcinoids (3/15), olfactory neuroblastomas (1/4) and basaloid head and neck squamous cell carcinomas (0/15). ISL1 stained the neuroendocrine carcinoma component of 5/8 composite carcinomas and also normal neuroendocrine cells in the thyroid, adrenal medulla, stomach and colorectum. Poorly differentiated neuroendocrine neoplasms, regardless of their ISL1 expression, were usually TP53 positive. Our results show the almost ubiquitous expression of ISL1 in extrapancreatic poorly differentiated neuroendocrine neoplasms and neuroblastic malignancies and its common loss in pancreatic poorly differentiated neuroendocrine neoplasms. These findings modify the role of ISL1 as a marker for pancreatic neuroendocrine neoplasms and suggest that ISL1 has a broader involvement in differentiation and growth of neuroendocrine neoplasms than has so far been assumed. 995 www.modernpathology.org differentiation in mouse experiments. 8 Apart from its role in the cell line development of the endocrine pancreas, ISL1 was found to have a major role as a marker of cardiac progenitor cell lineage. 9 Recently, ISL1 expression was studied in welldifferentiated pancreatic neuroendocrine neoplasms that are labeled by the WHO as neuroendocrine tumors (NETs). 10, 11 In these neoplasms, ISL1 proved to be a good marker for pancreatic NETs and their metastases, with a specificity of 78.4-100% and a sensitivity of 74.3-77.8%. [10] [11] [12] Neuroendocrine carcinomas of pancreatic and extrapancreatic origin so far have not or only occasionally been tested for ISL1 expression. 12-15 Following our own observation of a strong ISL1 reactivity in a case of a widely metastatic small cell neuroendocrine carcinoma of unknown origin, we launched this study with the aim to test the reliability of ISL1 as a marker for distinguishing pancreatic neuroendocrine carcinomas from their extrapancreatic counterparts and mimics. In addition, we also studied some well-differentiated extrapancreatic neuroendocrine neoplasms such as thyroid medullary carcinomas and paragangliomas/pheochromocytomas whose ISL1 status is not well known. In addition to ISL1, we stained a substantial fraction of the cases with TP53, which is known to be overexpressed in poorly differentiated neuroendocrine neoplasms of the pancreas 16 and neuroendocrine carcinomas from extrapancreatic sites. 17 We demonstrate in particular that ISL1 expression is mostly lost in pancreatic poorly differentiated neuroendocrine neoplasms, while it is almost ubiquitously observed in their extrapancreatic neuroendocrine counterparts. TP53 expression was inversely related to ISL1 positivity in poorly differentiated neuroendocrine neoplasms of the pancreas, but paralleled that of ISL1 in poorly differentiated extrapancreatic neuroendocrine neoplasms.
The human insulin gene enhancer-binding protein islet-1 (ISL1) is encoded by the ISL-1 gene. 1 This transcription factor possesses two N-terminal LIM domains and one C-terminal homeodomain. 2 LIM domains (named after their discovery in the proteins Lin 11, ISL1 and Mec-3) are protein structural domains that mediate protein-protein interactions critical to cellular processes and have a role in the regulation of the cytoskeleton, organogenesis and oncogenesis. 3 ISL1 has an important role in the embryogenesis and differentiation of the insulinproducing pancreatic beta cells within the islets of Langerhans. [4] [5] [6] [7] Deficiency of ISL1 was associated with absence of neural tube motor neuron differentiation in mouse experiments. 8 Apart from its role in the cell line development of the endocrine pancreas, ISL1 was found to have a major role as a marker of cardiac progenitor cell lineage. 9 Recently, ISL1 expression was studied in welldifferentiated pancreatic neuroendocrine neoplasms that are labeled by the WHO as neuroendocrine tumors (NETs). 10, 11 In these neoplasms, ISL1 proved to be a good marker for pancreatic NETs and their metastases, with a specificity of 78.4-100% and a sensitivity of 74.3-77.8%. [10] [11] [12] Neuroendocrine carcinomas of pancreatic and extrapancreatic origin so far have not or only occasionally been tested for ISL1 expression. [12] [13] [14] [15] Following our own observation of a strong ISL1 reactivity in a case of a widely metastatic small cell neuroendocrine carcinoma of unknown origin, we launched this study with the aim to test the reliability of ISL1 as a marker for distinguishing pancreatic neuroendocrine carcinomas from their extrapancreatic counterparts and mimics. In addition, we also studied some well-differentiated extrapancreatic neuroendocrine neoplasms such as thyroid medullary carcinomas and paragangliomas/pheochromocytomas whose ISL1 status is not well known. In addition to ISL1, we stained a substantial fraction of the cases with TP53, which is known to be overexpressed in poorly differentiated neuroendocrine neoplasms of the pancreas 16 and neuroendocrine carcinomas from extrapancreatic sites. 17 We demonstrate in particular that ISL1 expression is mostly lost in pancreatic poorly differentiated neuroendocrine neoplasms, while it is almost ubiquitously observed in their extrapancreatic neuroendocrine counterparts. TP53 expression was inversely related to ISL1 positivity in poorly differentiated neuroendocrine neoplasms of the pancreas, but paralleled that of ISL1 in poorly differentiated extrapancreatic neuroendocrine neoplasms.
Materials and methods
A total of 124 neuroendocrine neoplasms of different origin (pancreas, gastrointestinal tract, skin, lung, thyroid, paraganglioma, adrenal glands, head and neck) and histological mimics such as head and neck basaloid squamous cell carcinomas (n ¼ 15) were retrieved from the surgical pathology files of the Institutes of Pathology, Universities of Erlangen (Germany) and Bern (Switzerland) and the consultation files of three of the authors (AP, GZ and GK). Neuroendocrine neoplasms were diagnosed and classified according to the current World Health Organization (WHO) classification of NETs of the digestive tract. 18, 19 All tumors showed diffuse immunohistochemical expression of synaptophysin (antibody clone SY38, 1:50, Dako) with or without expression of chromogranin A (clone LK2H10, 1:500, Beckman-Coulter GmbH). In cases of Merkel cell carcinoma, neuroendocrine carcinomas of the head and neck region, small cell lung neuroendocrine carcinomas, pulmonary carcinoids, neuroblastomas, paragangliomas/pheochromocytomas, olfactory neuroblastomas, medullary thyroid carcinomas, and basaloid squamous cell carcinoma of head and neck the diagnosis was established where needed by using appropriate markers such as CK20, S100, calcitonin, CK5 and p63, respectively. The pancreatic neuroendocrine neoplasms were graded using the three-tiered grading system of the WHO that is based on the quantification of the nuclear labeling with Ki67 (MiB-1, 1:100, Dako). [18] [19] [20] Welldifferentiated pancreatic neuroendocrine neoplasms G1 and G2 were called pancreatic NETs. Pancreatic neuroendocrine carcinomas were defined by their poor histological differentiation, with either small cell or large cell features. These G3-tumors show a Ki67 index above 20%. For the purpose of this study, a subset of pancreatic neuroendocrine neoplasms that histologically looked like pancreatic NETs with trabecular patterns, but had a Ki67 index above 20%, were ascribed to neuroendocrine neoplasms grade 3 to distinguish them from pancreatic neuroendocrine carcinomas of small or large cell types. Among the extrapancreatic malignancies there were also eight mixed neoplasms with a neuroendocrine component combined with other invasive or non-invasive neoplastic tissue.
Three mm thick sections were cut from one or two representative tumor tissue paraffin blocks and immunostained using a Ventana automated system (Ventana Medical Systems, Tucson, AZ, USA) and the following antibodies: ISL1 (clone 1H9, 1:1000, Abcam) and TP53 (clone DO-7, 1:50, Dako). Heatinduced antigen retrieval was performed for all antibodies using either protease 1 or cooking buffer CC1 (Ventana).
For ISL1, only nuclear staining was considered specific. Appropriate positive and negative controls were included. The immunohistochemical staining results were assessed using a four-tiered system: 0 ¼ negative; 1 þ ¼ o10%; 2 þ ¼ 10-50%; 3 þ ¼ 450%. Tumors with scores 0/1 þ were considered negative and those scored 2 þ /3 þ were considered strongly positive. The intensity of staining was assessed as strong if similar or stronger than the staining of pancreatic islet cells, weak if barely discernible and moderate if in-between.
Results
The different entities of neuroendocrine neoplasms included in this study, and the immunohistochemical results for ISL1 are summarized in Table 1 .
Expression of ISL1 in WHO Grade 3 Pancreatic Neuroendocrine Neoplasms
Thirteen cases of pancreatic neuroendocrine carcinomas of large (n ¼ 11) and small cell type (n ¼ 2)
ISL1 in neuroendocrine neoplasms
and seven pancreatic neuroendocrine neoplasms grade 3 were studied. The latter tumors showed a well-differentiated trabecular-solid pattern that was in most parts indistinguishable from that of pancreatic NETs (Figure 1a ) but exhibited a high mitotic activity and a Ki67 labeling above 20% (Figure 1c ). Of these seven neuroendocrine neoplasms grade 3, five were strongly positive for ISL1 (score 2 þ /3 þ ) ( Figure 1b ). All but 1 of the 13 neuroendocrine carcinomas scored negative (0/1 þ ) for ISL1 (Figures 1d-f ). The six neuroendocrine carcinomas that scored only 1 þ , showed a focal and weak expression. One neuroendocrine carcinoma of small cell type was diffusely positive, with moderate staining intensity. Comparison of ISL1 expression in poorly differentiated neuroendocrine carcinomas with that of TP53 revealed that all neuroendocrine carcinomas had a distinct TP53 expression in the range of 10-80% (mean, 48%) that contrasted with the loss (or almost loss) of ISL1 expression (Figure 1f , inset). Four of the five neuroendocrine neoplasms grade 3, in contrast had a very low TP53 expression (o5%; Figure 1c , inset), but showed strong and diffuse ISL1 reactivity. The one case of ISL1-negative neuroendocrine neoplasm grade 3 had a p53 index of 5%. These results indicate an inverse correlation between the expression of TP53 and ISL1.
Expression of ISL1 in Poorly Differentiated Extrapancreatic Neuroendocrine Neoplasms
All 25 Merkel cell carcinomas showed a diffuse and strong (3 þ ) nuclear ISL1 staining (Figures2a and b) . No difference was observed between primary tumors and metastases (data not shown). Isolated ISL1-positive cells consistent with non-neoplastic Merkel cells were seen within the basal epidermis in 5 of 11 cases that contained normal skin next to the tumor ( Figure 2c ). All 13 primary and 8/10 metastatic pulmonary small cell neuroendocrine carcinomas expressed ISL1 strongly and diffusely (Figures 2d and e), whereas 2/10 metastatic pulmonary small cell lung neuroendocrine carcinomas showed no or only focal and weak reactivity. Four of the five head and neck large cell neuroendocrine carcinomas from the oropharynx (n ¼ 3) and the larynx (n ¼ 2) showed a diffuse moderate expression, which was generally less intense than in Merkel cell carcinomas and small cell lung neuroendocrine carcinomas. The normal lung tissue next to small cell lung neuroendocrine carcinomas showed no ISL1 staining in the alveolar or bronchial epithelial cells. As in pancreatic neuroendocrine neoplasms, a subset of extrapancreatic neuroendocrine carcinomas was immunostained for TP53 and was found strongly positive (X50%) in 11/11 small cell neuroendocrine carcinomas of the lung and 16/16 Merkel cell carcinomas, paralleling the intense expression of ISL1 (Figure 2b , inset and Figure 2f ).
Expression of ISL1 in Well-Differentiated Extrapancreatic Neuroendocrine Neoplasms
All nine medullary thyroid carcinomas (Figure 3a ) expressed diffusely ISL1, with a moderate nuclear staining intensity (Figure 3b ). The thyroid tissue surrounding the carcinomas showed isolated ISL1-positive cells that in consecutive sections were identified as calcitonin-positive parafollicular C cells (Figure 3c ). Among the pulmonary carcinoids, only 3 of 15 cases (2/10 typical, 1/5 atypical) showed weak and scattered ISL1 positivity. Staining for TP53, which was performed in all medullary thyroid carcinomas and four pulmonary carcinoids, was negative or below 2% in all cases. ) a Weak expression. b Carcinomas with components of poorly differentiated neuroendocrine neoplasm and non-neuroendocrine carcinoma.
Expression of ISL1 in Neuroblastic/Neuroectodermal Tumors
All eight poorly differentiated (stroma-poor) adrenal neuroblastomas (Figure 4a ) showed diffuse and strong nuclear staining, comparable to that seen in small cell lung neuroendocrine carcinomas and Merkel cell carcinomas (Figure 4b ) with a similarly strong TP53 expression (Figure 4c ). The six paragangliomas/pheochromocytomas tested were also diffusely positive, but stained less intensively than the neuroblastomas (Figures 4d and e) . Only one (grade 2 according to the WHO classification) 21 of five olfactory neuroblastomas showed moderate staining, the remaining cases (all grades 3 or 4) were negative. All cases of neuroblastoma and pheochromocytoma showed moderate nuclear staining in the adjacent non-neoplastic cells of the adrenal medulla, with no staining in the cortex (Figure 4f ).
Expression of ISL1 in Gastroesophageal Neuroendocrine Carcinomas and in Composite and Non-Neuroendocrine Carcinomas
This group of neoplasms included mixed adenoneuroendocrine carcinomas of the stomach/gastroesophageal junction (n ¼ 2) and the rectum (n ¼ 2), one tubulovillous adenoma of the rectum combined with a large cell neuroendocrine carcinoma, one basaloid squamous cell carcinoma of the tonsil combined with small cell neuroendocrine carcinoma, one adenosquamous carcinoma of the lung combined with small cell neuroendocrine carcinoma and one squamous cell carcinoma of the skin combined with a Merkel cell carcinoma. Strong and diffuse (2 þ /3 þ ) ISL1 expression was seen in five of these cases, involving only the neuroendocrine carcinoma component and completely sparing the non-neuroendocrine areas. Among the three rectal cases, one mixed adenoneuroendocrine carcinoma and the composite adenoma neuroendocrine carcinoma were completely negative, whereas the second mixed adenoneuroendocrine carcinoma showed strong expression in the neuroendocrine carcinoma area. The gastric mixed adenoneuroendocrine carcinoma showed diffuse and strong expression associated with diffuse TP53 positivity in the neuroendocrine carcinoma component. The gastroesophageal junction tumor was negative for ISL1 and showed TP53 expression in 460% cells. In the rectal and gastroesophageal specimens, isolated strongly staining cells were seen within the neighboring basal mucosal crypts, consistent with neuroendocrine cells. All other composite carcinomas (skin, tonsil and lung) showed strong diffuse staining limited to the neuroendocrine carcinoma component. The 15 basaloid squamous cell carcinomas of the head and neck region, which histologically very much resembled poorly differentiated neuroendocrine neoplasms, were all negative for ISL1 staining.
Discussion
ISL1 has been found to be a highly specific marker for pancreatic NETs that are by definition well-differentiated neuroendocrine neoplasms. [10] [11] [12] This study, which in its first part focused on pancreatic neuroendocrine carcinomas, revealed that ISL1 is not a loco-specific marker for these poorly differentiated neuroendocrine neoplasms, because they are either negative or only very weakly and focally positive for ISL1. The data of the study's second part demonstrated, on the other hand, an almost ubiquitous expression of ISL1 in certain extrapancreatic neuroendocrine neoplasms, with the highest labeling detected in neuroendocrine carcinomas of small and round cell morphology (Merkel cell carcinomas, small cell lung neuroendocrine carcinomas and adrenal neuroblastomas) followed by an intermediate expression in paragangliomas/pheochromocytomas, medullary thyroid carcinomas and gastrointestinal neuroendocrine carcinomas. Only weak or absent reactivity was observed in pulmonary carcinoids, olfactory neuroblastomas and all non-NET tissues tested.
The results show that expression of ISL1 is related to certain groups of neuroendocrine neoplasms and is absent from the non-NETs so far tested. In the pancreas, where ISL1 is expressed in the normal islet cells, it is known to represent a differentiation marker. [4] [5] [6] [7] [8] Thus, expression of ISL1 in pancreatic NETs most likely reflects the high differentiation status of these neoplasms. 10, 11 Accordingly, it is not surprising that ISL1 is lacking or only weakly expressed in poorly differentiated pancreatic neuroendocrine carcinomas. Interestingly, ISL1 expression was preserved in a subset of pancreatic neuroendocrine neoplasms, which were assigned grade 3 because of their high proliferation index (Ki67420%), [18] [19] [20] but still retained the typical histological pattern of NETs, thus clearly deviating in their histological differentiation from poorly differentiated neuroendocrine neoplasms of small or large cell type. This observation supports our interpretation of a differentiation-associated expression of ISL1 in pancreatic neuroendocrine neoplasms and may also serve as a further argument that some pancreatic grade 3 neuroendocrine neoplasms, although overlapping in their proliferative activity with poorly differentiated neuroendocrine carcinomas, still remain distinct from the latter neoplasms.
Another finding for the notion that pancreatic NETs and neuroendocrine carcinomas are fundamentally distinct neoplasms, probably differing in their genetic structure, is the inverse correlation of ISL1 and TP53 positivity in this study. In a recent study, pancreatic NETs revealed an absent or only very low TP53 signature in the presence of high expression of PDX1, whereas pancreatic neuroendocrine carcinomas, regardless whether of small or large cell type, showed the opposite. 16 Our results are consistent with these data. These features have also been observed in large cell neuroendocrine carcinomas and atypical carcinoids of the head and neck, and have been used as a distinguishing criterion. 17, 21 In extrapancreatic neuroendocrine neoplasms, including neuroendocrine neoplasms of neuroblastic origin, ISL1 expression lacks the relationship to histological differentiation seen in pancreatic neuroendocrine neoplasms. Almost all extrapancreatic neuroendocrine carcinomas that were studied including Merkel cell carcinomas and neuroendocrine carcinomas of the lung and head and neck region strongly expressed ISL1. This pattern was also found in all stroma-poor neuroblastomas and many of the small series of neuroendocrine carcinomas and mixed adenoneuroendocrine carcinomas in the gastrointestinal tract. Interestingly, the TP53 expression in these poorly differentiated extrapancreatic neuroendocrine neoplasms positively correlated with that of ISL1, thus contrasting sharply with the situation in pancreatic neuroendocrine neoplasms.
Among the extrapancreatic neuroendocrine neoplasms that we considered well-differentiated, the medullary thyroid carcinomas and paragangliomas/ pheochromocytomas stained strongly for ISL1, whereas typical and atypical pulmonary carcinoids and olfactory neuroblastomas did not. To explain this difference, we followed the assumption that the identification of ISL1-positive cells in non-neoplastic cells next to the tumors could suggest, like in the pancreas, a role for ISL1 as differentiation factor in these tissues. We observed no ISL1 expression in the normal lung and sinonasal mucosa, explaining its absence in their respective tumors, but detected single positive cells in the thyroid and adrenal medulla, consistent with thyroid C cells and normal adrenal medullary cells. It is therefore possible that ISL1 expression in medullary thyroid carcinomas, like in pancreatic NETs, reflects the high degree of differentiation of these tumors. This notion is also supported by the lack of abnormal expression of TP53. However, the finding that ISL1 expression is even stronger in the poorly differentiated neuroblastoma than in the paragangliomas/pheochromocytomas is not consistent with the above interpretation and leaves the role of ISL1 in the development of these tumors unclear.
This is also the case in neuroendocrine carcinomas of the gastrointestinal tract, whether occurring as pure neuroendocrine carcinoma or as a neuroendocrine carcinoma component in mixed adenoneuroendocrine carcinoma. These tumors showed a heterogeneous expression, with some cases being completely negative and others strongly positive. The expression of ISL1 in normal endocrine cells of the stomach and colorectum contrasts with its complete loss in some gastrointestinal neuroendocrine carcinomas, similar to their pancreatic counterparts. Although the number of cases included in this study is too low to allow for conclusive results, it is possible that the group of neuroendocrine carcinomas of the GI tract is heterogeneous, depending on factors such as location and pathogenesis.
From a differential diagnostic point of view, our data are important in highlighting for the first time the ubiquitous expression of ISL1 in common extrapancreatic poorly differentiated neuroendocrine neoplasms such as small cell neuroendocrine carcinoma of the lung and Merkel cell carcinomas, but also in some well-differentiated neuroendocrine neoplasms such as medullary thyroid carcinoma or paraganglioma/pheochromocytoma. These findings have to be especially kept in mind when dealing with liver metastases of unknown primaries. Thus, in case of an ISL1-positive liver metastasis of a welldifferentiated neuroendocrine neoplasm, the primary will most likely be found in the pancreas, but in rare instances may be located in the thyroid (medullary carcinoma) or the adrenal gland (pheochromocytoma). For these rare cases, the use of a well-selected immunohistochemical marker panel (cytokeratin, calcitonin, CEA and TTF-1) seems to be necessary for an appropriate differential diagnostic workup. On the other hand, in case of a ISL1-positive poorly differentiated neuroendocrine neoplasm metastatic to the liver, different locations have to be considered as site of the primary such as the lung, skin, head and neck, or gastrointestinal tract. For these neoplasms, ISL1 is only of little help in indicating the site of the primary.
In summary, the transcription factor ISL1 is expressed in well differentiated but barely in poorly differentiated pancreatic neuroendocrine neoplasms. Furthermore, it is commonly found in diverse extrapancreatic poorly differentiated neuroendocrine neoplasms and in a subset of welldifferentiated extrapancreatic neuroendocrine neoplasms such as medullary thyroid carcinoma and paraganglioma/pheochromocytoma. These heterogeneous findings point to different roles ISL1 is having in the development of pancreatic and non-pancreatic neuroendocrine neoplasms, probably depending on tumor type and origin.
